The clear-plaque mutants, phage Agv (large plaque, virulent inducer mutant) and Agc (large clear plaque), both types isolated from the same wild-type phage A, were neutralized by antiserum to phage A + at a much slower rate than ?~+. For the anti-wild-type serum the neutralization constant (K) was I I I min. -1 for phage A+, whereas for phage 2tgv it was only 27 min. -1. On the other hand, antiserum to phage ;tgv neutralized all three phages at similar rates (K = 84, 76 and 70 min. -1 for Agv, Agc and h + respectively). When antiwild-type serum (K = 96 min. -~ for A +) was tested against 50 independent /~gv-type mutants, it gave a mean Kvalue of 28 min. -~ with 42 of the isolates. Three of the isolates, with mean K value (93 min--~) equivalent to that for ?t+, produced plaques of unusual morphology in certain conditions. With the other five ;tgv isolates, the serum showed a mean K value of 53 min.-1. The same anti-wild-type serum neutralized phage Ag (large turbid plaques) at approximately the same rate (K = 34 min.-1) as the majority of the ;tgv isolates, whereas for ,~ni (minute turbid plaque) the rate was greater (K = I23 min. -x) than for A + and was intermediate (K = 44 min--~) for ;tmsco (medium cocarde plaque). These results indicate that the composition or structure of tail components can vary in different phage h mutants, and this feature of the phage particle is not directly associated with loss of ability to lysogenize the host bacterium, Escherichia coli.
INTRODUCTION
During experiments in which antiserum to phage ~+ was used to neutralize unadsorbed particles of phage A (Waites & Fry, I964) , it was noticed that although the serum was relatively active against the homologous (i.e. wild-type) phage, higher concentrations were needed to remove phage ;tgc or ;tgv with the same efficiency. The latter mutants produce clear plaques, since their ability to lysogenize the host bacterium, Escherichia coli, has been extensively modified (?tc) or lost (~v, virulent inducer mutant; Jacob & Wollman, I954). We therefore sought to determine whether the observed differences in the rate of neutralization of the wild-type phage and the clear-plaque mutants were in some way connected with the characteristic properties of the latter. It was subsequently found that differences in rates of neutralization are not necessarily accompanied by changes in ability to lysogenize the host bacterium. A short account of part of this work has been given previously (Fry & Waites, I965) .
B.A. FRY AND W.M. WAITES METHODS
Organisms and phage. Escherichia coli strain c 600 (streptomycin-resistant and indicator organism for assay of phage ~t), E. coli strain K I2-K I I2 lysogenic for wildtype phage )~22 (see Fry, I959 , and hereafter referred to as A+), phage 2tmi (minute turbid plaque) and 2tmsco (medium-sized cocarde plaque) were obtained from Dr F. Jacob, Pasteur Institute, Paris. Clear-plaque mutants were isolated from samples of different stocks of the same A + using the procedure of Kaiser (I957) . Typical clear plaques were picked, plated again, and well-isolated plaques picked and used to make phage stocks, whose phenotype and genotype were checked using the phages Agc and ~tgv obtained from Dr F. Jacob and described by Jacob & Wollman 0954). The c and v mutants thus isolated formed plaques which were much larger than those formed by a~2, i.e. using the nomenclature of Jacob & Wollman (i954) they were agc and ~tgv respectively. Purified phage stocks were prepared by differential centrifugation of crude lysates obtained from E. coli strain K I2-K II2 (A +) after induction by ultraviolet (u.v.) irradiation (Fry, 1959) or from E. coli strain K I2-I~ II2 infected with phage z)gc or Agv as required (Waites & Fry, I964) . In the survey of the 5o/~gv isolates, stocks were prepared by the confluent lysis technique. Phage assay procedures followed those of Adams 0950).
Media. The nutrient broth (NB) medium contained ~ % Oxoid peptone, o. 1% Lab Lemco and i % NaC1 (all w/v) at pH 7. In the assay plates, the lower layer of NB contained 1% (w/v) agar, and the soft upper layer used to spread the sample and indicator bacteria contained 0.6 % agar.
Preparation of antisera. Young rabbits each received subcutaneously six doses of purified phage (each dose contained 2 × IO 11 to I x io TM particles) in ~4 days, and after a fortnight the course of injections was repeated. After a further fortnight to allow the immune response to reach a maximum, the rabbits were bled and the antiphage activity of the serum measured. The course of injections was repeated as required until each serum gave a neutralization value of about ioo min. -~ for the homologous phage.
Determination of neutralization constants. The neutralization constant (K) of antiserum was determined by using the equation derived by Burnet, Keogh & Lush (I937):
where D is the dilution factor for the antiserum (i.e. if the serum is diluted 1/200, then D = 2oo) and P0 and Pt are respectively the number of phage particles present initially and after t rain. of antiserum action. The equation can be rearranged in the form log -°-
hence if the unneutralized phage is determined at several times log Po/Pt can be plotted as a function of t and K calculated from the slope of the straight line graph. This is the most accurate way of determining K. For a given serum, the observed value of K is to some extent dependent on the conditions in which it is measured. A standard procedure 
Antigenic variation in phage/I
49 was used throughout and all experiments were done at the same temperature (37 ° ) and by adding approximately the same number of phage particles at zero time to prewarmed NB medium containing the same dilution 0/2oo) of antiserum. With such precautions, the K value for a given antiserum showed relatively little variation when it was determined on different days. For example, with an anti A + serum, the K values obtained for the neutralization of the homologous phage on nine different days were 95, 97, 92, 99, Ioi, 94, 88 , IOI and zoo, giving a mean K value of 96 min. -z with a standard deviation of + 4"5. A simpler procedure was used to determine the K value of a serum for the 50 different isolates of phage 2tgv. The phage surviving after 5 min.
in a I/2oo dilution of antiserum in NB was measured and the appropriate values substituted in the above equation. The 2tgv stocks were tested in groups of six per day, and on each occasion a control of wild-type phage was included to check possible daily variation in the procedure.
RESULTS

Rate of neutralization of homologous and heterologous phage
The anti-wild-type serum neutralized the homologous wild-type phage at a rate approximately 4 times faster than its action on the two types of clear-plaque mutant. Thus in the experiment shown in Initial phage titre (P0) in (a) was 1.8× IO 7 A+/ml. or 2-I × Io 7 Agv/ml. and in (b) was 3"8x IO 7 A+/ml. or 2.2 × IO ~ Agc/ml. K calculated from slope and found to be in (a) 111 min. 
Neutralization constants for independent isolates of phage-~gv-type mutants
The slower neutralization of the clear-plaque mutants of phage 2 by the anti-wildtype serum might have been due to the selected mutants being atypical of their class.
It is known that the phenotype gv is due to mutational events in more than two genetic loci, and at least four different loci are probably involved (Jacob & Wollman, I954). Since av type mutants are relatively easy to isolate, it was decided to measure the rate of neutralization of fifty independent ),gv mutants by the same anti-wild-type serum. With such a number of mutants it is possible to obtain an idea of the frequency of occurrence of ;tgv mutants whose rate of neutralization differs from the parent. In fact forty-two, i.e. the majority of the isolates, gave Kvalues whose mean was 28 min. -1 (Table I ) and were therefore similar to the ;tgv mutant used in the previous experiments (see Fig. 0 . Of the other eight isolates, five gave a mean K value of 53 min.-1 and the remaining three produced a mean K value of 93 min.-L The latter was not significantly different from that produced by the parent ~+, which in nine determinations gave a mean value of 96 (S.D. + 4-5). These three isolates which gave the wild-type neutralization value were, however, unusual in one respect. When they formed plaques with
Escherichia coli K I2-K I I2 (,~) as the indicator organism, the plaques were typically of the ~tgv type. On the other hand, when the indicator organism was not lysogenic for A, the plaques were initially large and turbid, with one or two small clear areas, but as the incubation of the plates continued, the plaques became clear and each contained several colonies of bacteria resistant (presumably) to phage 2t. These three phages may have been heterozygous for certain characters, but their genotype was not studied further. Since the neutralization constant for five of the isolates was about half that for A+ and significantly greater than that for most of the other ;~gv isolates, it was concluded Results are the mean from two separate experiments in which all five phages were examined at the same time, and include those for two independent isolates of phage ;tgc+.
that differences in antigenic structure were not necessarily correlated with lack of ability to lysogenize the host. We therefore looked for mutants which produced large but turbid plaques, i.e. wild type as regards lysogenization of Escherichia coli, but were grande (Jacob & Wollman, I954) in plaque size. When a large number of samples of ;tgv were plated with E. coli strain c 600 as indicator organism, occasional large turbid plaques were found. Two of these were picked, reisolated from single plaques and stocks prepared. The size of the plaque which they produced was checked by using conditions in which the phage was preadsorbed to indicator bacteria before the sample was spread on the plates (see Kaiser, I957) . When two such isolates, which by all the tests applied appeared to be ;tgc +, were tested against the anti-A+ serum they were neutralized at rates (K --32 min. -1 and 35 min.-1) comparable with those for most of the ~gv isolates. On the other hand, with two other phage mutants of known genotype (Jacob & Wollman, 1954) , one (,~mi) was neutralized somewhat faster than the wild type whereas the other (,~msco) gave rise to a K value about half that for A + (Table 2) . DISCUSSION These studies show that whilst anti-~gv serum neutralizes A phage of other genotypes at about the same speed as the homologous Age, the antiserum to wild-type phage A appears to have much greater specificity, with the result that certain mutants are neutralized at rates of only one quarter of those for phage A+. In other phage systems, the rate of neutralization of the mutants examined has not differed significantly from that for the corresponding wild type, e.g. r mutants and host-range mutants of phage T 2 were neutralized at a rate similar to that for the parent T 2 + (Hershey, I946). Whilst admitting that the measurement of K values is necessarily an indirect way of detecting variations in antigenic structure, the large differences in these values for certain A mutants in the presence of the same antiserum leads us to propose that the antigenic structure of bacteriophage ?~ is complex and that it varies in different mutants. It is possible that these differences in antigen+antibody reaction, reflected by the rate of neutralization, could be due, first, to the same antigen or antigens being arranged in a different spatial manner in different ~ mutants; or, secondly, to differences in chemical composition (e.g. amino acid sequence) and hence in the nature of the antibody combining site; or, thirdly, to the antigenic structure which gives rise to neutralizing antibodies being more complex in wild type A than in the mutants such as Agv. In order to decide which of these possibilities is correct, it will be necessary to investigate the detailed structure of phage A and especially the components in the tail, since the neutralizing antibodies are those which combine with tail antigens and thus prevent the phage particle from adsorbing to the receptor areas in the bacterial cell wall (Lanni & Lanni, 1953) . Recently an immunological study of phage ~tc, disrupted by the use of pyrophosphate, demonstrated the presence of at least four phage antigens: one was detected by its ability to combine with neutralizing antibody whilst three others were detected by complement fixation (Soller, Levine & Epstein, I965 Although in our experiments a phage with a genotype for producing a large or grande plaque appears to possess an antigenic structure different from the wild type, the genetic determinants which produce a change in antigenic structure as represented by a change in rate of neutralization have yet to be identified unequivocally. The usual techniques for identification and mapping of these determinants cannot be used because at the present time we do not have a method which will distinguish or select those recombinants whose antigenic properties are different from those of the parents. However, this difficulty may be overcome by using conditionally lethal mutants in which the mutational events are concerned with alterations in the tail structure of the phage A particle. Experiments of this type with phage T 4 have shown that at least three distinct tail-fibre antigens are involved in the neutralization of the phage by antiserum, and that two of these antigens are under multigenic control (Edgar & Lielausis, I965). Whilst the tail of phage ?~ appears to be much less complicated than that of phage T 4 (Kellenberger, I963; Brenner et al. I959), the synthesis and assembly of this morphological unit may likewise involve several genes and gene products. Qualitative information that different genotypes of phage ?t may vary in their antigenic structure comes from the following observation. It is commonly found that when a phage suspension is treated with antiserum and then plated with indicator organism, a number of plaques, smaller than those typical of the phage concerned, are often seen. Andrewes & Elford (I933) suggested that these plaques are due to incompletely neutralized phage particles and their small size is due to a delay in the initiation of the infection process. During the present experiments it was noticed that whereas, after use of the anti-wild-type serum, many small plaques were often present in the plated samples, when the anti-~gv serum was used the samples were substantially free from plaques of this type.
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